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Abstract 
Growing world population increases food demand. Reaction coupling between ammonia and urea synthesis provides 
insight in developing fertilizer production plant which is more energy efficient and which in turn enables abundant 
and cheap food production. The ammonia-urea reaction coupling is still a new field and requires simple and 
sufficient models to describe the system. Mathematical models derivation, simulation, constants tuning and 
validations were done using commercial software. Sufficient models were obtained for the future development of 
reaction coupling conceptual reactor. For urea synthesis reaction, the equilibrium carbon dioxide conversion is close 
to 80% and the equilibrium urea concentration is around 750mol/m3 at the optimum operating conditions of around 
450K and 12MPa. The optimum range of NH3:CO2 feed ratio is 2-3.5. The equilibrium nitrogen conversion of circa 
27% and the equilibrium ammonia concentration of 300mol/m3 are obtained for ammonia synthesis at the optimum 
operating conditions of around 660K and 23MPa. The average percent error for nitrogen equilibrium conversion and 
ammonia equilibrium molar flow is only 6.154% and 5.932% respectively compared to published data [22]. 
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1. Introduction 
The growing of global population triggers the rising demand on food. According to the statistics available in 
Worldometers, the global populations will continue to grow for 0.7 billion people from 7 billion in the year 2011 to 
7.7 billion in 2020 [1]. This situation urges for the production of cheaper and abundant food. Many agricultural 
industries strive for new technology to reduce production cost and achieve mass production. Thus there are many 
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research which focus on ammonia and urea production. Ammonia production process consumes huge amount of 
energy which imposes negative impacts towards the environment, climate and human health [2]. The steam 
reforming process to produce hydrogen feedstock for the Haber-Bosch ammonia synthesis process consumes more 
than 1% of the world’s power generation [3]. High energy requirement signifies high fossil fuels consumption and 
carbon dioxide emission. On the other hand, the challenges in urea production plant include the conversion limit per 
pass through the reactor, competing side reactions (urea hydrolysis and biuret formation) and the extreme 
corrosiveness of ammonium carbamate [4]. Thus, a more environmental friendly and energy efficient urea 
production system is required. Coupling ammonia synthesis with urea synthesis is a potential alternative. Reaction 
coupling allows cost and energy savings through the consumption of by-products and heat transfer among the 
coupled reactions. Some examples of reaction coupling includes ethylbenzene dehydrogenation coupled with 
nitrobenzene hydrogenation, water gas shift and benzene hydrogenation [6, 8, 18]. Ammonia-urea reaction is a new 
field and a conceptual design of the coupling reactor is required. However, before a conceptual design can be 
produced, sufficient models for individual ammonia and urea synthesis reaction are required. Kinetic and 
equilibrium models for individual urea and ammonia synthesis were obtained and simulated using commercial 
programming software for optimum operating conditions. The simulations verified the models and can be applied in 
the simulations of the upcoming conceptual design of the coupled reactor. It was hoped that a real 
integrated-ammonia-urea production system can be realized in the future. 
The technology of process integration has been introduced since the late 1970s and early of 1980s [15]. 
Process integration is a technology approach that interconnects the individual steps of a chemical plant. These steps 
include reaction, separation, heat exchange, pressurization-depressurization and mixing [16]. The aim of process 
integration is to achieve higher energy and material consumption efficiency, lower environmental emissions, smaller 
equipment size to save capital cost and inherently safer process. Process integration includes heat integration, power 
integration, chemical integration and equipment integration [17]. Reaction coupling is a type of process integration 
where two reaction systems combine into a single system. Mass coupling involves the elimination of by-products 
from one reaction through the consumption in another reaction. Thermal coupling involves the heat transfer among 
the coupled reactions. The research gap of reaction coupling includes limitation of performance analysis on wide 
range of reaction coupling, the complex mathematical models and the lack of conceptual design on coupled reactors. 
Since 1994, the concept of reaction coupling has been studied for cost and energy savings as well as 
environmentally friendly process for the of zero by-product generation [18]. Increment of equilibrium conversion of 
ethylbenzene from around 33% to almost 100% was obtained through the coupling reaction between ethylbenzene 
dehydrogenation and benzene hydrogenation [18]. Besides, reaction coupling helps to avoid catalyst deactivation 
through the 1, 4-butanediol dehydrogenation and nitrobenzene hydrogenation coupling [19]. Another study found 
that ethylbenzene dehydrogenation and catalytic hydrogen combustion found that the reaction coupling contributes 
to high ethylbenzene conversion of 85% [20]. Ramaswamy and co-workers studied the effect of reaction coupling 
on reactor conversion and heat transfer. They found that reaction coupling in a co-current reactor better improved 
the conversion and heat exchange than the counter-current flow reactor [11]. Besides, the recuperative coupled 
reactor provides operational flexibility compared to the direct coupled reactor whereby the individual stream flow 
rates can be adjusted independently to achieve the required conversion. The conversion of methane combustion and 
reforming increases with temperature with the optimum value of 93.6% and 91.7% respectively (at 1088K) when the 
exothermic methane combustion coupled with the endothermic methane reforming [10]. Next, coupling methanol 
synthesis with cyclohexane dehydrogenation enhances equilibrium conversion, reduces reactor size and decreases 
product stream outlet temperature [21]. Later, the coupling reaction between ethylbenzene dehydrogenation and 
nitrobenzene hydrogenation was optimized using normalized normal constraint (NNC) and normal boundary 
intersection (NBI) method and there is a trade-off to simultaneously maximize styrene yield and nitrobenzene 
conversion at 56% and 55% respectively [5].  
Apart from that, ethylbenzene dehydrogenation achieved complete conversion even at lower temperature 
(400oC) after coupled with nitrobenzene hydrogenation reaction [6]. Furthermore, the reaction coupling of 
ethylbenzene dehydrogenation and reverse water-gas shift reaction was reported with higher styrene yield of 46% 
and selectivity 98% compared to the styrene yield of 28% and selectivity 96% when reaction coupling is substituted 
with nitrogen dilution [8]. Modeling of urea synthesis reaction began around 1950s. Singh and Saraf developed 
suitable pseudo-homogeneous rate expression and effectiveness factor calculation method for ammonia synthesis 
[22]. Heterogeneous reaction model was used by another group of researchers to simulate and optimize ammonia 
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production [23]. At 185oC, highest equilibrium conversion of 84% was obtained at NH3/CO2 of 5 and H2O/CO2 of 
0.12. Besides, the formation of by-products does not affect the equilibrium conversion [24]. The same authors also 
reported that ratio of H2O/CO2 has direct effect to the equilibrium pressure at temperature above 200
oC [25]. 
Simulation of liquid phase urea synthesis were done [26, 27] and the result agreed with the result from Inoue and 
colleagues [24, 25]. The different reactor configurations of two parallel series of CSTR and degrees of concentration 
back-mixing were compared [27]. Results showed that the carbon dioxide conversion increases with the number of 
stages of the reactor until a maximum conversion of 67% is achieved at 10 stages with the optimum temperature of 
200oC. Later, heterogeneous reaction model which describe the urea synthesis in a series of CSTR was developed 
[18]. The optimum temperature and number of stages of CSTR is 190oC and 10 stages respectively with carbon 
dioxide equilibrium conversion of about 64%. Another group of researchers found the optimum temperature and the 
NH3/CO2 ratio for urea production to be 215
oC and 2 respectively [28]. 
2. Problem Statements And Objectives 
Ammonia-urea reaction coupling provides insights for lower cost fertilizer production and it is still a new field 
which is yet to be explored. Information on ammonia-urea coupling reaction is still lacking. Hence, simple and 
sufficient models are required to describe the individual ammonia and urea reaction in order to provide information 
(operating conditions) and simulate the ammonia-urea coupling reactor in the future conceptual design stage. Thus, 
this research project aims to: 
x Obtain and verify kinetic and equilibrium models to simulate the temperature and pressure dependence of 
equilibrium conversion of reactants and the concentration profile of the reactants and products along the reactor 
for urea synthesis reaction. 
x Obtain and verify kinetic and equilibrium models to simulate the temperature and pressure dependence of 
equilibrium conversion of reactants and the concentration profile of the reactants and products along the reactor 
for ammonia synthesis reaction. 
3. Models Development 
This work provides simple yet sufficient mathematical models for urea and ammonia reaction system for the 
conceptual design of the coupled ammonia-urea production system. This work will investigate generalized reaction 
coupling system of reversible multiple reactions. Reversible reactions have equilibrium conversion where the 
forward reaction rate equals to the backward reaction rate. Consider the reversible reaction as below: 
Reversible reaction: A+B↔C+D 
 
Fig. 1: Mole species of A in ΔV [13]. 
Taking A as the basis, based on the law of conservation, the mole balance equation is expressed as follows: 
              (1) 
General assumptions about the reaction include only axial concentration change is affected by temperature and 
pressure and the whole reaction is a steady-state vapor reaction. Consequently, along the reactor length, z (m) with 
constant cross-sectional area, A (m2), 
FA,Z – FA,Z+∆Z + A.rA∆Z = 0                                                      (2) 
where rA is the rate of consumption of reactant A which is constant throughout ΔZ, mol/m3.s 
The flow rate FA can be expressed in terms of concentration CA. Dividing the equation by ΔZ and taking the limit of 
∆Z→0, yields  
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where v = volumetric flow rate, m3/s 
           CA= concentration of A, mol/m
3 
-rA=k1(CACB-CCCD/Keq)                                                        (4) 
with k1=forward reaction rate constant. 
Equilibrium model is used to determine the behavior of equilibrium conversion of the limiting species at different 
temperature and pressure. The equilibrium constant at standard condition (298K, 1atm), KP
o 
ln KP
o=∆Gfo/RT                                                      (5) 
Equilibrium constant Kp at temperature T: 
ln KP=ln KP
o + ∫(∆HR/RT2) dT                                                            (6) 
∆HR=∆HRo + ∫∆CP dT                                                                         (7) 
with ∆HRo= standard heat of reaction at 298K. 
The equilibrium constant Keq in the kinetic model (4) is expressed in term of Kp as shown below. 
 
with a,b,c and d are reaction stoichiometric coefficient of A,B, C and D respectively. The temperature profiles can 
be obtained using the following equation: 
 
The individual reactions together with the overall reaction of urea synthesis are as shown below: 
 
 
2NH3 + CO2 ↔ NH2CONH2 + H2O                                                    (12)  
The first reaction is very fast and highly exothermic which proceed to almost completion whereas the second reaction 
is slow and endothermic. The equilibrium constant Kp is expressed as: 
 
 
  
Next, consider ammonia synthesis reaction: 
 
 
 
 
The mathematical models were revised until the profiles agree with the published data. Next, the models were tuned 
in order to minimize the deviation of calculated values from the published data.  
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4. Results And Discussion 
4.1. Urea Synthesis Reaction 
Figure 2 below shows the parity plot of equilibrium carbon dioxide and urea concentration. It can be seen that the 
simulated data are very close to the published data. This means that the mathematical models used are valid at the 
operating conditions as published data [2]. 
 
 
 
 
 
 
Fig. 2: Parity plot for equilibrium carbon dioxide conversion and urea concentration. 
 
 
 
 
 
 
Figure 3 and 4 show the carbon dioxide conversion and urea molar flow (mol/s) along the reactor length 
respectively.  Since the exact value of rate constants are not available, the values were obtained by solving equation 
(14) at assumed reactor length of 20m and the respective published equilibrium conversion. Thus, the profiles above 
show that the carbon dioxide equilibrium conversion and equilibrium urea molar flow achieve at 20m reactor length. 
Maximum conversion achieved is approximately 79% and maximum urea molar flow is circa 410mol/s. Figure 5 
shows that the exothermic urea reaction system temperature increases across the reactor. The temperature increment 
is larger when the feed water content is smaller. This behavior matches the nature of high heat capacity of water 
which absorbs large amount of heat before allowing system temperature to increase [29].  
 
  
 
 
 
 
Figure 6 and 7 illustrate the effect of temperature and pressure on equilibrium carbon dioxide conversion and 
equilibrium urea molar flow respectively. Both of them increase with temperature until an optimum value before 
undergo downward trend. This trend can be explained by the fact that urea synthesis is an exothermic reversible 
reaction. Thus, increasing the temperature initially increases molecular collision among the reactants and thus the 
reactant conversion. However, the negative effect of further temperature increment on the system equilibrium 
becomes more dominant until the equilibrium CO2 conversion and equilibrium urea molar flow decrease with the 
rise of temperature.  
Figure 6: Equilibrium carbon dioxide conversion at different conditions. 
Figure 3: Conversion profiles of carbon dioxide. 
Figure 5: Urea synthesis temperature profile. 
Figure 4: Urea molar flow rate profile. 
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Figure 8 reveals that equilibrium CO2 conversion increases with higher NH3:CO2 ratio but decreases with higher 
H2O:CO2 ratio. As water content increases, the system equilibrium shifts backward towards formation of less 
product since water is one of the product of the urea synthesis. There is an optimum value of NH3:CO2 ratio on 
equilibrium urea concentration which increases until a maximum value before declining again which ranges from 2 
to 3.5. The initial increasing trend is due to the increase of carbon dioxide equilibrium conversion upon high reactant 
concentration. The possible reason for the decreasing trend is that too high NH3 concentration dilute the 
intermediate product concentration and thus less equilibrium urea product. To conclude, the optimum operating 
temperature and pressure is approximately 449.5K and 11.868MPa respectively with equilibrium carbon dioxide 
conversion of circa 79% based on the suggested mathematical models in this work.  
4.2. Ammonia Synthesis Reaction 
For the case of ammonia synthesis reaction, the mathematical models were also validated with the literature [22]. In 
the comparison between the calculated result and the literature data, the average percent error for nitrogen 
equilibrium conversion and ammonia equilibrium molar flow are 6.154% and 5.932% respectively. Thus, the 
models are valid at the operating conditions as in the published data [22]. Similar to urea synthesis reactor, the 
reactor temperature increases until a maximum equilibrium temperature is achieved as shown in Figure 10. Figure 
11 and 12 show the nitrogen conversion and ammonia flow rate (mol/s) along the reactor length. The profiles 
revealed that both of the nitrogen conversion and ammonia molar flow increase until a maximum equilibrium value 
is achieved. The maximum value for nitrogen conversion and ammonia molar flow are approximately 27.5% and 
420mol/s respectively.  
 
 
 
 
 
 
 
Both of the equilibrium nitrogen conversion and ammonia concentration increase with increasing pressure. From 
Figure 13 and 14, it can be seen that both of them increase with temperature until a maximum value is achieved and 
then further increment of temperature will lead to the reduction of both dependent variables. This trend can be 
explained by the fact that ammonia synthesis is an exothermic reversible reaction. Thus, increases the temperature 
will initially increase molecular collision among the reactants. However, the negative effect of the further increase in 
Figure 8: Effect of feed composition on CO2 conversion. Figure 7: Equilibrium urea flow rate at different conditions. 
Figure 12: Ammonia molar flow profile. Figure 11: Conversion profiles of nitrogen. 
Figure 9: Effect of feed composition on equilibrium urea concentration. Figure 10: Temperature profile of ammonia synthesis reactor. 
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temperature on the system equilibrium becomes more apparent until the equilibrium N2 conversion and ammonia 
concentration decreases with increment of temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15 shows that pressure drop across the reactor decreases when the catalyst particle size increases. This can be 
explained by the fact of easier fluid flow across the bed due to the larger bed void volume when larger catalyst 
particle is used. Next, Figure 16 shows that the pressure drop increases with decreasing bed porosity. Bed porosity is 
also known as void fraction, void volume, fractional voidage, voidage or porosity. The increment of pressure drop 
starts to become more obvious when the bed porosity reduced to around 0.3. The trend correspond to the easier fluid 
flow across the reactor at larger bed porosity. Bed porosity depends on the particle size, shape [30] and particle 
arrangement in the packed bed. Optimum bed porosity is required so that the pressure drop is not too low that the 
reactant conversion is affected and at the same time the pressure drop is not too high that demand high compression 
energy. The fractional voidage for spherical catalyst with 6.35mm diameter is 0.405 [31]. To conclude, the optimum 
operating temperature and pressure is 658.15K and 22.899 MPa respectively with the equilibrium nitrogen 
conversion of circa 27% based on the suggested models. This suggested value was selected based on the validated 
region in the profiles.  
5. Conclusion 
The mathematical models for urea and ammonia synthesis are derived, simulated and tuned. The models are validate 
at least at the operating conditions of the published data used for comparison. Based on the suggested mathematical 
models in this work, the optimum operating temperature and pressure is around 450K and 12MPa with equilibrium 
carbon dioxide conversion of circa 80% for urea synthesis and 660K and 23MPa with equilibrium nitrogen 
conversion of circa 27% for ammonia synthesis. This work will be continued with the conceptual design of the 
coupling reactor. 
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